Aiming at aerodynamic drag reduction for transportation systems, a new active surface is proposed that combines a bionic nonsmooth surface with a jet. Simulations were performed in the computational fluid dynamics software STAR-CCM+ to investigate the flow characteristics and drag reduction efficiency. The SST K-Omega model was used to enclose the equations. The simulation results showed that when the active surface simultaneously reduced the skin friction and overcame the sharp increase of pressure drag caused by a common nonsmooth surface, the total net drag decreased. The maximum drag reduction ratio reached 19.35% when the jet velocity was 11 m/s. Analyses of the turbulent kinetic energy, pressure distribution, and velocity profile variations showed that the active surface reduced the peak pressure on the windward side of the nonsmooth unit cell, thereby reducing the total pressure drag. Moreover, the recirculation formed in the unit cell transformed the fluid-wall sliding friction into fluid-fluid rolling friction like a rolling bearing, thereby reducing the skin friction. This study provides a new efficient way for turbulent drag reduction to work.
Introduction
Flow control and drag reduction are important research focuses that should be fully considered in a range of engineering fields. High efficiency of drag reduction can improve propulsion efficiency and reduce fuel consumption [1] . Turbulence is a common flow state in most situations, and the skin friction on the turbulent wall is much greater than that on the laminar wall [2, 3] . Therefore, the study of drag reduction in wall turbulence has important practical significance.
To control the flow, a variety of methods have been proposed. Changing the wall conditions by the super-hydrophobic wall was considered as an effective method [4, 5] . Changing the fluid properties by adding polymers also achieved control effects [6] . Moreover, the application of external motions and forces to the original wall to generate controllable disturbance and achieve the flow control was also studied [7] [8] [9] . These methods have achieved certain effects in specific working conditions.
Taking inspiration from nature, researchers started to study the turbulent drag reduction on grooved surfaces, which was inspired by the nonsmooth structures on shark skin. Most studies focused on drag reduction characteristics and its mechanisms [10] . The shape and size of the groove structure were shown to have significant impacts on drag reduction characteristics. Simulations and physical experiments showed that the groove surface can achieve a maximum drag reduction ratio of 10% when the dimensionless spacing (S + ) was between 16 and 20 and the dimensionless height (H/S) was between 0.5 and 0.8 [11, 12] . A study of an airfoil model with longitudinal microgrooves also showed 2 of 18 that the drag reduction effect can be obtained by setting the scale of the micro-groove equal to the scale of the turbulent vortex near the wall [13] .
The decrease in the exchange of flow momentum is one of the main causes of drag reduction. Bechert et al. [11] found that the existence of the groove can inhibit the frequency of momentum exchange along the spreading direction. Although the existence of the groove will increase the surface area, the spikes can destroy the streamwise vortex and restrain the spreading motion, thereby restraining the formation of low-speed strips and reducing the turbulent kinetic energy exchange. Moreover, the fluid in the groove valley can be maintained at a low-speed state, and the shear stress in the trough can be greatly reduced, resulting in a net reduction in skin friction [14, 15] . Therefore, the drag reduction enhancement mechanism of microgrooves can be considered as the restriction effect [16] . Direct numerical simulations intended to study the relationship between vortices at the bottom of the trench and energy dissipation also confirmed the above conclusions [17] . The existence of the groove will also affect the transition process, which can be a two-dimensional linear process or a three-dimensional process [18] .
In recent years, another natural phenomenon, named a "super-hydrophobic surface", has attracted increasing research interest. This type of surface has significant effects on drag reduction [19] [20] [21] ; so much so that the drag reduction ratio even approached 50% in some experiments with low speed [22] . There are two ways to obtain a super-hydrophobic surface: (1) by modifying a high-surface-energy rough surface with low-surface-energy materials and (2) by constructing a micro-rough structure on a low-surface-energy surface. One of the important ways to study drag reduction characteristics is via direct numerical simulation (DNS). In such simulations, a hydrophobic surface is always represented by a slip boundary condition. When the slip boundary condition was used in the streamwise direction, the skin friction drag decreased. However, when the slip boundary condition was used in the spanwise direction, the drag increased [23, 24] .
The flow slip on the wall is considered to be the main cause of drag reduction. An average slip velocity of over 75% of the bulk velocity was obtained on a super-hydrophobic surface via DNS, and the corresponding wall shear stress reduction was found to be nearly 40% [25] . The apparent flow slip was verified with a confocal surface metrology system [26, 27] . Costantini et al. [28] suggested that the mean slip velocity at the wall increases the flow rate at a fixed pressure drop in turbulent pipe flow. Therefore, slip length is the key to drag reduction that is related to the flow state. In a laminar flow state, the effective slip length only depends on the surface geometry (i.e., the slip length is independent of the Reynolds number). In a turbulent flow state, the effective slip length is a function of the Reynolds number, indicating that the slip length is dependent on the flow conditions near the surface [29] .
Some special flow patterns in nature also inspired new drag reduction methods. Sand dune flow is one of the most common flow patterns. Under the transport of wind, grains of sand migrate to inclined windward slopes and deposit on steep slip slopes, thereby forming dunes. Herrmann and Sauermann [30] pointed out that sand dunes are aerodynamic objects because their shape is adapted to allow the air flow with the least effort. Hesp and Hastings [31] also reported that the shape of dunes is directly controlled by aerodynamic processes. The drop-in velocity and shear stress at the base of a dune has been widely predicted and observed [32] . Some researchers have even applied the aerodynamic characteristics of sand dunes to practical engineering applications. Gao and Ning [33] proposed a new barchan dune (BD) vortex generator, which exhibited 75-80% less drag when compared with a V-gutter at the same blockage ratio. Li et al. [34] proposed a new dune-shaped combustion chamber to reduce the total pressure loss and obtain a stable trapped vortex, whose simulation results showed that there is an optimal leeward angle with small total pressure loss.
Shark gills were also adapted as a bionic prototype to reduce drag. As a fast-moving marine animal, sharks can travel very fast during predation. Moreover, sharks have interesting broad gill plates located on the front of the body. Sharks inhale sea water through a half-open mouth, which flows out of the gills to exchange gas; however, the function of these gills is closely related not only to respiration, but also to drag reduction [35] . Lighthill [36] found that fish will close the gill slits on the inside bend during turns and shunt the gill efflux into the gills on the outside bend, a separation-prone region of the body, to obviate separation drag. Babenko and Koval [37] proposed that the orientation and placement of the gill openings are particularly well suited to the jet-blowing technique. Inspired by shark gills, Li et al. [38] studied the drag reduction characteristics of bionic jet surfaces, in which they obtained a maximum drag reduction rate of 9.51%. Similarly, Zhang et al. [39] studied the drag reduction characteristics of a revolving body with a bionic jet surface, in which they achieved a maximum friction reduction rate of 10.8%.
A preceding study on grooved surfaces mostly focused on single V-shaped grooves parallel to the mainstream, only considering some simple morphology for nonsmooth surfaces. Moreover, the maximum drag reduction ratio reached approximately 10%, and it was hard to make further breakthroughs. The microstructures of super-hydrophobic surfaces are micron-sized, which are commonly generated via laser processing. However, from an economic point of view, super-hydrophobic surfaces are not suitable for large-scale applications in engineering fields.
Based on bionics, the current study tried to provide a new drag reduction method. The study broke the limitations in a single morphology and proposed a new nonsmooth surface inspired by sand dunes. The nonsmooth surface can effectively reduce the skin friction. However, the decrease in skin friction was accompanied by a sharp increase in pressure drag. An active surface that combines a bionic nonsmooth surface with a jet was then proposed. The active surface overcame the common problem of the rapid increase in pressure drag in designing nonsmooth surfaces and achieved better drag reduction effects. The study provides a new idea for drag reduction in the next generation of transportation systems.
In the second part of this paper, the physical model of the bionic nonsmooth surface is established and the hypothesis in the calculation process is verified. In the third part, the results of numerical simulations are analyzed, and the drag reduction mechanism of the active surface is explained with three aspects: Turbulent kinetic energy, pressure distribution, and velocity characteristics. A summary of the whole work is made in the last part.
Physical Model Establishment and Hypothesis Verification

Model of A Bionic Nonsmooth Surface
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Physical Model Establishment and Hypothesis Verification
Model of A Bionic Nonsmooth Surface
Due to the excellent aerodynamic characteristic, a sand dune was selected as the bionic object of the nonsmooth unit cell ( Figure 1 ).
Claudin et al. [40] studied the sand dune located on the western edge of the Erg Oriental near Merzouga in Eastern Morocco ( 31 03 N,04 01 W   ), where the dune was an elongated dome with no avalanche slip face, showing that no flow separation occurred. According to the measured results, the cross-section of the dune can be expressed by the following Equation:
is the starting point of the dune, A is the half-height of the dune, and k is the number of waves (the wavelength =2 / k  ). According to Equation (1), the shape equation of the sand dune involves two parameters: The half-height (A) and the wavelength (  ) ( Figure 2 ). Claudin et al. [40] studied the sand dune located on the western edge of the Erg Oriental near Merzouga in Eastern Morocco (31 • 03 N, 04 • 01 W), where the dune was an elongated dome with no avalanche slip face, showing that no flow separation occurred. According to the measured results, the cross-section of the dune can be expressed by the following Equation:
where Z re f is the starting point of the dune, A is the half-height of the dune, and k is the number of waves (the wavelength λ = 2π/k). According to Equation (1), the shape equation of the sand dune involves two parameters: The half-height (A) and the wavelength (λ) ( Figure 2 ). Preliminary research has found that turbulent drag is most influenced by the near-wall turbulent region of the boundary layer, defined as / 0.2 y   , where y is the normal distance between the fluid and the wall and  is the thickness of the boundary layer [41] . By disturbing the near-wall turbulent region with a nonsmooth unit cell, a new turbulent boundary layer will be generated. It is suggested that the depth of the nonsmooth unit cell (2A) should be smaller than the thickness of the near-wall turbulent region to obtain the best disturbance effect, which can be expressed as follows:
As a result, to satisfy Equation (2), the depth of the nonsmooth unit cell (2A) was defined as 0.0015 m. The wave number was set to 2000; thus, the wavelength (λ) was 0.0031 m. To ensure the stability of the fluid, a flat surface was set behind the nonsmooth unit cell, and the length (d) was set to 0.005 m. The cross-section of the bionic nonsmooth surface is shown in Figure 3 . 
Computational Domain Selection and Grid Division
The computational domain of the simulations is the same as the classical boundary layer transition experiment [42] . The computational domain has been divided into three sections: An inlet smooth section (surface A), a test section (nonsmooth surface), and an outlet smooth section (surface B), as shown in Figure 4 . The total length was set to 1.5 m, and the length of the test section was set to 0.3 m. To form a fully developed turbulent boundary layer at the inlet of the test section, a smooth section with a length of 1 m was arranged upstream. The normal distance from the far field boundary to the wall was 0.2 m. Preliminary research has found that turbulent drag is most influenced by the near-wall turbulent region of the boundary layer, defined as y/δ ≤ 0.2, where y is the normal distance between the fluid and the wall and δ is the thickness of the boundary layer [41] . By disturbing the near-wall turbulent region with a nonsmooth unit cell, a new turbulent boundary layer will be generated. It is suggested that the depth of the nonsmooth unit cell (2A) should be smaller than the thickness of the near-wall turbulent region to obtain the best disturbance effect, which can be expressed as follows:
As a result, to satisfy Equation (2), the depth of the nonsmooth unit cell (2A) was defined as 0.0015 m. The wave number was set to 2000; thus, the wavelength (λ) was 0.0031 m. To ensure the stability of the fluid, a flat surface was set behind the nonsmooth unit cell, and the length (d) was set to 0.005 m. The cross-section of the bionic nonsmooth surface is shown in Figure 3 . Preliminary research has found that turbulent drag is most influenced by the near-wall turbulent region of the boundary layer, defined as / 0.2
, where y is the normal distance between the fluid and the wall and  is the thickness of the boundary layer [41] . By disturbing the near-wall turbulent region with a nonsmooth unit cell, a new turbulent boundary layer will be generated. It is suggested that the depth of the nonsmooth unit cell (2A) should be smaller than the thickness of the near-wall turbulent region to obtain the best disturbance effect, which can be expressed as follows:
The computational domain of the simulations is the same as the classical boundary layer transition experiment [42] . The computational domain has been divided into three sections: An inlet smooth section (surface A), a test section (nonsmooth surface), and an outlet smooth section (surface B), as shown in Figure 4 . The total length was set to 1.5 m, and the length of the test section was set to 0.3 m. To form a fully developed turbulent boundary layer at the inlet of the test section, a smooth section with a length of 1 m was arranged upstream. The normal distance from the far field boundary to the wall was 0.2 m. 
The computational domain of the simulations is the same as the classical boundary layer transition experiment [42] . The computational domain has been divided into three sections: An inlet smooth section (surface A), a test section (nonsmooth surface), and an outlet smooth section (surface B), as shown in Figure 4 . The total length was set to 1.5 m, and the length of the test section was set to 0.3 m. To form a fully developed turbulent boundary layer at the inlet of the test section, a smooth section with a length of 1 m was arranged upstream. The normal distance from the far field boundary to the wall was 0. To ensure that the fully developed turbulent boundary layer was obtained before the test section, the -Re t   transition model was used to solve the computational domain. Figure 5 shows that the simulation accurately captures the flow transition phenomenon. The location of the transition starting point (point A) and the length of the transition region (region B) are in good agreement with the experimental results. The simulation also shows that the boundary layer in the test section fully developed and became a turbulent boundary layer. For the accuracy of the real near-wall flow field, the prism layer grids, which were determined by the thickness of the near-wall cell layer and stretch factor, were adapted ( Figure 6 ), and the grids near the wall were refined. To reach y + < 1, the thickness of the near-wall cell layer was set to 6 1 10   m, and the stretch factor was set to 1.2. In addition, the inlet and outlet areas were also refined ( Figure  7) .
To verify the independence of the computational grid, the skin friction coefficients of the test section were calculated under five grids with multiple densities ( Table 1 ). The results showed that when the number of grids reached 251,215, the calculated value of the skin friction remained unchanged, and the difference between the model with 251,215 and 308,794 elements was 0.615%. Therefore, the mesh with 251,215 was chosen for this study. To ensure that the fully developed turbulent boundary layer was obtained before the test section, the γ−Re θt transition model was used to solve the computational domain. Figure 5 shows that the simulation accurately captures the flow transition phenomenon. The location of the transition starting point (point A) and the length of the transition region (region B) are in good agreement with the experimental results. The simulation also shows that the boundary layer in the test section fully developed and became a turbulent boundary layer. To ensure that the fully developed turbulent boundary layer was obtained before the test section, the -Re t   transition model was used to solve the computational domain. Figure 5 shows that the simulation accurately captures the flow transition phenomenon. The location of the transition starting point (point A) and the length of the transition region (region B) are in good agreement with the experimental results. The simulation also shows that the boundary layer in the test section fully developed and became a turbulent boundary layer. For the accuracy of the real near-wall flow field, the prism layer grids, which were determined by the thickness of the near-wall cell layer and stretch factor, were adapted ( Figure 6 ), and the grids near the wall were refined. To reach y + < 1, the thickness of the near-wall cell layer was set to 6 1 10   m, and the stretch factor was set to 1.2. In addition, the inlet and outlet areas were also refined ( Figure  7) .
To verify the independence of the computational grid, the skin friction coefficients of the test section were calculated under five grids with multiple densities ( Table 1 ). The results showed that when the number of grids reached 251,215, the calculated value of the skin friction remained unchanged, and the difference between the model with 251,215 and 308,794 elements was 0.615%. Therefore, the mesh with 251,215 was chosen for this study. For the accuracy of the real near-wall flow field, the prism layer grids, which were determined by the thickness of the near-wall cell layer and stretch factor, were adapted ( Figure 6 ), and the grids near the wall were refined. To reach y + < 1, the thickness of the near-wall cell layer was set to 1 × 10 −6 m, and the stretch factor was set to 1.2. In addition, the inlet and outlet areas were also refined ( Figure 7) .
To verify the independence of the computational grid, the skin friction coefficients of the test section were calculated under five grids with multiple densities ( Table 1 ). The results showed that when the number of grids reached 251,215, the calculated value of the skin friction remained unchanged, and the difference between the model with 251,215 and 308,794 elements was 0.615%. Therefore, the mesh with 251,215 was chosen for this study.
Grid Quantity
Skin Friction Coefficient 102,505 0.00275 196,784 0.00301 221,027 0.00311 251,215 0.00325 308,794 0.00323 
Calculation Model
The inlet velocity of the simulation was set to 50.1 m/s, which is consistent with available experiments. The fluid in this study was considered incompressible, and there was also no temperature difference in the flow, so it was not necessary to consider the energy conservation equation. Therefore, only the mass conservation equation and the momentum conservation equation were established.
The mass Equation (continuity equation) is as follows:
The momentum Equation (viscous fluid motion equation) is as follows:
The SST K-Omega turbulence model is a two-equation eddy viscosity model. The model accounts for the transfer of turbulent shear stress, enabling the model to accurately predict the beginning of flow and the separation position under negative pressure gradients [43, 44] . The eddy viscosity will also not be over-predicted due to the consideration of turbulent shear stress. Therefore, this model is well suited for simulating flow in the viscous sublayer [45, 46] and was adapted to enclose the equations in this paper. The turbulent kinetic energy equation and specific dissipation rate equation are as follows: 
The SST K-Omega turbulence model is a two-equation eddy viscosity model. The model accounts for the transfer of turbulent shear stress, enabling the model to accurately predict the beginning of flow and the separation position under negative pressure gradients [43, 44] . The eddy viscosity will also not be over-predicted due to the consideration of turbulent shear stress. Therefore, this model is well suited for simulating flow in the viscous sublayer [45, 46] and was adapted to enclose the equations in this paper. The turbulent kinetic energy equation and specific dissipation rate equation are as follows:
ρ
where G k is the turbulent kinetic energy produced by the laminar velocity gradient; G ω is the turbulent kinetic energy produced by the ω equation; T k and T ω are the diffusion ratios of k and ω, respectively; Y k and Y ω are the turbulence generated by the diffusion; and D ω is the orthogonal divergence term.
Boundary Conditions
The software STAR-CCM+ 10.01 was used for the numerical simulations. The inlet velocity was set to 50.1 m/s, the density was set to 1.2 kg/m 3 , the viscosity coefficient was set to 1.8 × 10 −5 kg·ms −1 , the turbulence intensity was set to 0.18%, and the viscosity ratio was set to 5. The definitions of these parameters were the same as those used for the wind tunnel experiment [42] .
For incompressible flow, the inlet boundary was set as the uniform velocity inlet. The velocity components in three vector directions were set as follows:
It is considered that the flow reaches full development when exporting, so the outlet boundary was set as the pressure outlet. The pressure and velocity were set as follows:
Considering that the object of study is viscous flow, the sliding velocity of the wall was 0 and the pressure gradient of the wall was equal to 0. The pressure and velocity were set as follows:
Simulation Parameter Settings
The discretization scheme had an important influence on the stability of the numerical simulation. The finite volume method (FVM), which is a widely used discretization method characterized by high computational efficiency, was adopted in this paper. It has been recognized that the stability of the discretized equation depends on the difference scheme [35, 47, 48] . The multidimensional results obtained by the classical stability analysis of the von Neumann method also showed that the numerical stability in solving the resulting discretization equations depends on the finite-difference scheme [49] .
The second-order upwind scheme was used as the discretization scheme of the convective term in this paper. The critical grid Peclet number is always thought of as the stability criterion of a discretized equation. According to the calculation, regardless of the Peclet number, the second-order upwind scheme remained stable. This means that the second-order upwind scheme was unconditionally stable [50] . The SIMPLEC algorithm, which has a fast convergence speed, was used to iteratively solve the flow field. The residual accuracy was set as 10 −4 .
Results and Discussion
Validation of the Numerical Model
To verify the accuracy of the calculation model, the skin friction coefficients obtained from simulations were compared to the available experimental results. As shown in Figure 8 , the boundary layer was in a laminar state when the fluid flowed through the inlet section, and the skin friction coefficient was stable at 0.0006. For the Gamma ReTheta Transition model, the transition process began at 0.8 m (Re = 2.67 × 10 6 ), at which point the skin friction coefficient notably increased. The transition process ended at 1 m (Re = 3.34 × 10 6 ), after which the skin friction coefficient remained unchanged at approximately 0.003. The boundary layer changed from the laminar state to the turbulent state. The simulation results show that the skin friction coefficient was 0.00325 in the turbulent state, whereas the experimental value was 0.00331. The average relative error between the calculated value and the experimental value of the skin friction coefficient was 1.81%, which verifies the accuracy of the calculation model. 
To verify the accuracy of the calculation model, the skin friction coefficients obtained from simulations were compared to the available experimental results. As shown in Figure 8 , the boundary layer was in a laminar state when the fluid flowed through the inlet section, and the skin friction coefficient was stable at 0.0006. For the Gamma ReTheta Transition model, the transition process began at 0.8 m ( 6 Re 2.67 10  ), at which point the skin friction coefficient notably increased. The transition process ended at 1 m ( 6 Re 3.34 10  ), after which the skin friction coefficient remained unchanged at approximately 0.003. The boundary layer changed from the laminar state to the turbulent state. The simulation results show that the skin friction coefficient was 0.00325 in the turbulent state, whereas the experimental value was 0.00331. The average relative error between the calculated value and the experimental value of the skin friction coefficient was 1.81%, which verifies the accuracy of the calculation model. [42] . Considering that the parameters in the available literature [42] are in dimensional forms, to facilitate comparison, the x-axis (Y) is not dimensionless in Figure 9 . The calculated results show good agreement with the experimental results; thus, the accuracy of the numerical simulations was verified from the perspective of the velocity profile. Figure 9 compares the velocity profiles of the turbulent region obtained by the numerical simulations and experiments [42] . Considering that the parameters in the available literature [42] are in dimensional forms, to facilitate comparison, the x-axis (Y) is not dimensionless in Figure 9 . The calculated results show good agreement with the experimental results; thus, the accuracy of the numerical simulations was verified from the perspective of the velocity profile. 
Analysis of the Nonsmooth Surface Inspired by Sand Dunes
To study the characteristics of drag reduction, the drag force of the smooth surface and nonsmooth surface were calculated. The drag reduction ratios were defined as follows: 
To study the characteristics of drag reduction, the drag force of the smooth surface and nonsmooth surface were calculated. The drag reduction ratios were defined as follows:
where R D is the total drag reduction ratio (including pressure drag and skin friction), F D−smooth is the total drag of the model with a smooth surface, F D−nonsmooth is the total drag of the model with a nonsmooth surface, R f is the skin friction reduction ratio, F f −smooth is the skin friction of the model with a smooth surface, and F f −nonsmooth is the skin friction of the model with a nonsmooth surface. The results of drag reduction are shown in Table 2 , which show that the nonsmooth surface effectively reduced the skin friction with a reduction ratio (R f ) of 39.86%. However, the decrease in skin friction was accompanied by a sharp increase in pressure drag, which lead to a net increase in total drag. As shown in Figure 10 , the nonsmooth unit cell changed the wall pressure distribution, and a peak pressure point was formed in the front of the nonsmooth unit cell (windward side). The difference in pressure between the windward side and the slip side constitutes the pressure drag, which eventually leads to a net increase in total drag. The rapid increase in pressure drag is a common problem in designing nonsmooth surfaces [41, [51] [52] [53] . sharks. Previous studies have shown that the jetting mechanism of shark gills has a remarkable drag reduction effect; therefore, the shark gill was adopted as the bionic prototype. Accordingly, the jet hole was set on the leeward side of the nonsmooth unit cell, wherein the jet hole was oriented in the direction of the incoming flow. When the fluid flowed through the active surface, the jet hole injected low-speed fluid. 
Analysis of Nonsmooth Surface with a Jet
To solve the drastic increase in the pressure drag of the nonsmooth surface, a new active surface based on a bionic nonsmooth surface with a jet was proposed. The bionic inspiration came from sharks. Previous studies have shown that the jetting mechanism of shark gills has a remarkable drag reduction effect; therefore, the shark gill was adopted as the bionic prototype. Accordingly, the jet hole was set on the leeward side of the nonsmooth unit cell, wherein the jet hole was oriented in the direction of the incoming flow. When the fluid flowed through the active surface, the jet hole injected low-speed fluid. Figure 11 shows a schematic diagram of the active surface unit. The jet hole was set in the front of the nonsmooth unit cell, whereas the shape of the unit cell remained unchanged. The drag reduction ratios (R D ) of the active surface under different jet velocities are shown in Figure 12 . Figure 11 shows a schematic diagram of the active surface unit. The jet hole was set in the front of the nonsmooth unit cell, whereas the shape of the unit cell remained unchanged. The drag reduction ratios ( D R ) of the active surface under different jet velocities are shown in Figure 12 . The drag reduction effects were different under different jet velocities; however, the total drag on the nonsmooth surface with a jet was lower than that on the nonsmooth surface ( 45.5% D R  ).
When the jet velocity was between 7 m/s and 17 m/s, the active surface significantly achieved drag reduction effects, and the drag reduction ratio reached a maximum at 19.35% when the jet velocity was set to 11 m/s. The simulation results also show that the active surface had significant effects on the skin friction reduction. The drag reduction effect of the active surface was better than that of the nonsmooth surface, and the skin friction reduction ratio increased with increasing jet velocity (Figure 13 ).
When the skin friction decreased, the relative increase in pressure drag between the smooth surface to nonsmooth surface decreased. The pressure drag of the active surface was smaller than that of the nonsmooth surface (dotted box in Table 3 ). However, the active surface could not eliminate the net increase in pressure drag. The drag changes in the outlet section (surface B) are shown in Table 4 . The active surface influenced both the area near the nonsmooth unit cell and the distant areas behind the active surface. The drag reduction ratio in this area also increased with increasing jet velocity.
Drag Reduction Mechanism
When the jet velocity reached 11 m/s, the active surface achieved the greatest drag reduction ratio. Therefore, an analysis of the turbulent kinetic energy, pressure distribution, and velocity characteristics at a jet velocity of 11 m/s was carried out to investigate the drag reduction mechanism.
Turbulent Kinetic Energy
The drag reduction behavior was clearly related to the turbulent kinetic energy. Turbulent kinetic energy represents the fluctuation length of turbulence, which can indicate the energy The drag reduction effects were different under different jet velocities; however, the total drag on the nonsmooth surface with a jet was lower than that on the nonsmooth surface (R D = −45.5%). When the jet velocity was between 7 m/s and 17 m/s, the active surface significantly achieved drag reduction effects, and the drag reduction ratio reached a maximum at 19.35% when the jet velocity was set to 11 m/s. The simulation results also show that the active surface had significant effects on the skin friction reduction. The drag reduction effect of the active surface was better than that of the nonsmooth surface, and the skin friction reduction ratio increased with increasing jet velocity ( Figure 13 ). The drag changes in the outlet section (surface B) are shown in Table 4 . The active surface influenced both the area near the nonsmooth unit cell and the distant areas behind the active surface. The drag reduction ratio in this area also increased with increasing jet velocity. When the skin friction decreased, the relative increase in pressure drag between the smooth surface to nonsmooth surface decreased. The pressure drag of the active surface was smaller than that of the nonsmooth surface (dotted box in Table 3 ). However, the active surface could not eliminate the net increase in pressure drag. The drag changes in the outlet section (surface B) are shown in Table 4 . The active surface influenced both the area near the nonsmooth unit cell and the distant areas behind the active surface. The drag reduction ratio in this area also increased with increasing jet velocity. 
Surface Type Skin Friction (N) Skin Friction Reduction Ratio (%)
Smooth surface 0.851 -Nonsmooth surface 0.805 5.41% Active surface 0.696 18.21%
Drag Reduction Mechanism
Turbulent Kinetic Energy
The drag reduction behavior was clearly related to the turbulent kinetic energy. Turbulent kinetic energy represents the fluctuation length of turbulence, which can indicate the energy exchange frequency. The larger the turbulent kinetic energy was, the greater the energy loss produced. Figure 14 shows the turbulent kinetic energy contours of three surfaces at Re = 3.44 × 10 6 .
The turbulent kinetic energy intensities of the nonsmooth surface and active surface were obviously less than that of the smooth surface, especially in the nonsmooth unit cell. However, the turbulent kinetic energy intensity on the windward side of the nonsmooth surface was markedly enhanced (region C). The existence of fluid diversion was the main reason for this phenomenon. The improved active surface alleviated the problem of fluid separation and had lower turbulent kinetic energy.
The turbulent kinetic energy intensities of the nonsmooth surface and active surface were obviously less than that of the smooth surface, especially in the nonsmooth unit cell. However, the turbulent kinetic energy intensity on the windward side of the nonsmooth surface was markedly enhanced (region C). The existence of fluid diversion was the main reason for this phenomenon. The improved active surface alleviated the problem of fluid separation and had lower turbulent kinetic energy. Figure 15 shows the turbulent kinetic energy in the outlet section in surface B, see Figure 4 . The turbulent kinetic energy intensity of the active surface was significantly lower than that of the other surfaces. The active surface clearly affected the turbulent kinetic energy in the vicinity of the unit cell and in the downstream areas of the active surface. It is evident from Figure 16 that an obvious closed recirculation region in which the velocity remained very low, was formed within the unit cell, and a mainstream flowed outside this region. The rotational direction at the bottom of the recirculation was opposite to that of the mainstream, whereas the rotational direction on the top was consistent with that of the mainstream. It is evident from Figure 16 that an obvious closed recirculation region in which the velocity remained very low, was formed within the unit cell, and a mainstream flowed outside this region.
The rotational direction at the bottom of the recirculation was opposite to that of the mainstream, whereas the rotational direction on the top was consistent with that of the mainstream.
The presence of low-speed recirculation was similar to a rolling bearing. The resistance of rolling friction was less than that of sliding friction under the same conditions. If the friction between the fluid and the fixed wall was defined as fluid-wall sliding friction, then the role of the rolling bearing (recirculation) was to convert the original sliding friction into fluid-fluid rolling friction. The fluid-fluid rolling friction reduced momentum exchange and turbulent kinetic energy, resulting in drag reduction. In addition, the recirculation seemed to relax the no-slip boundary condition, which lead to lower momentum losses in the active surface than in the smooth surface. Thus, the rolling bearing (recirculation) was one of the mechanisms governing the observed drag reduction. It is evident from Figure 16 that an obvious closed recirculation region in which the velocity remained very low, was formed within the unit cell, and a mainstream flowed outside this region. The rotational direction at the bottom of the recirculation was opposite to that of the mainstream, whereas the rotational direction on the top was consistent with that of the mainstream. The presence of low-speed recirculation was similar to a rolling bearing. The resistance of rolling friction was less than that of sliding friction under the same conditions. If the friction between the fluid and the fixed wall was defined as fluid-wall sliding friction, then the role of the rolling bearing (recirculation) was to convert the original sliding friction into fluid-fluid rolling friction. The fluidfluid rolling friction reduced momentum exchange and turbulent kinetic energy, resulting in drag reduction. In addition, the recirculation seemed to relax the no-slip boundary condition, which lead to lower momentum losses in the active surface than in the smooth surface. Thus, the rolling bearing (recirculation) was one of the mechanisms governing the observed drag reduction. Figure 17a shows the pressure contour of the nonsmooth surface. Static pressure changes occured on the wall due to the existence of the nonsmooth unit cell. A high-pressure zone was formed on the windward side. An abnormal point was also found in the preceding discussion on turbulent Figure 17a shows the pressure contour of the nonsmooth surface. Static pressure changes occured on the wall due to the existence of the nonsmooth unit cell. A high-pressure zone was formed on the windward side. An abnormal point was also found in the preceding discussion on turbulent kinetic energy at this same location (region C). The main cause of the high-pressure zone was the stagnation of the mainstream flow on the windward side of the unit cell ( Figure 18 ). When the mainstream flow reached the windward side, some fluid continued to move forward, whereas the rest of the fluid entered the unit and formed a recirculation. Thus, the velocity at this position was greatly reduced, and a high pressure area was formed on the windward side. Moreover, the stagnation of the flow also lead to an increase in momentum exchange. This phenomenon was the reason for the increase in turbulent kinetic energy intensity in this area (discussed in Section 3.4.1). kinetic energy at this same location (region C). The main cause of the high-pressure zone was the stagnation of the mainstream flow on the windward side of the unit cell ( Figure 18 ). When the mainstream flow reached the windward side, some fluid continued to move forward, whereas the rest of the fluid entered the unit and formed a recirculation. Thus, the velocity at this position was greatly reduced, and a high pressure area was formed on the windward side. Moreover, the stagnation of the flow also lead to an increase in momentum exchange. This phenomenon was the reason for the increase in turbulent kinetic energy intensity in this area (discussed in Section 3.4.1). When the fluid entered the inner part of the unit cell, a recirculation was formed within the unit cell, and a low-pressure zone was formed on the slip side. The rapid increase in pressure drag on the nonsmooth surface came from the alternating high-and low-pressure regions.
Pressure Distribution
The pressure contour of the active surface is shown in Figure 17b . The pressure concentration on the windward side was effectively alleviated. Instead of depending on the mainstream, the jets supplemented the fluid required for the recirculation formation in the unit cell, which eased the flow stagnation on the windward side and effectively reduced the positive pressure, thereby reducing the pressure drag. Furthermore, the flow stagnation solution also reduced the momentum exchange in the windward region, which reduced the energy loss and the skin friction. When the fluid entered the inner part of the unit cell, a recirculation was formed within the unit cell, and a low-pressure zone was formed on the slip side. The rapid increase in pressure drag on the nonsmooth surface came from the alternating high-and low-pressure regions.
Velocity Characteristics
The pressure contour of the active surface is shown in Figure 17b . The pressure concentration on the windward side was effectively alleviated. Instead of depending on the mainstream, the jets supplemented the fluid required for the recirculation formation in the unit cell, which eased the flow stagnation on the windward side and effectively reduced the positive pressure, thereby reducing the pressure drag. Furthermore, the flow stagnation solution also reduced the momentum exchange in the windward region, which reduced the energy loss and the skin friction.
The viscous fluid effects were mainly reflected in the boundary layer. The changes in the boundary layer thickness of three surfaces when Re = 4.34 × 10 6 are shown in Figure 19 . The thickness of the boundary layer referred to the height perpendicular to the wall from the beginning of the boundary layer wall to the position where the tangential flow velocity along the wall reached 99% of the mainstream velocity. The boundary layer of the active surface was the thickest, followed by that of the nonsmooth surface, and the boundary layer of the smooth surface was the thinnest. An increase in the thickness of the boundary layer resulted in a reduction in the average velocity gradient in the boundary layer, which lead to a decrease in skin friction. Figure 19 . The thickness of the boundary layer referred to the height perpendicular to the wall from the beginning of the boundary layer wall to the position where the tangential flow velocity along the wall reached 99% of the mainstream velocity. The boundary layer of the active surface was the thickest, followed by that of the nonsmooth surface, and the boundary layer of the smooth surface was the thinnest. An increase in the thickness of the boundary layer resulted in a reduction in the average velocity gradient in the boundary layer, which lead to a decrease in skin friction. The mean-velocity profiles of the three surfaces are shown in Figure 20 . The results show that in the viscous sublayer or log-law region, the average flow velocities of the nonsmooth and active surfaces were significantly less than that of the smooth surface, thereby leading to a decrease in skin friction. The average flow velocity of the active surface was the smallest, so the drag reduction effect The mean-velocity profiles of the three surfaces are shown in Figure 20 . The results show that in the viscous sublayer or log-law region, the average flow velocities of the nonsmooth and active surfaces were significantly less than that of the smooth surface, thereby leading to a decrease in skin friction. The average flow velocity of the active surface was the smallest, so the drag reduction effect was the most obvious.
the viscous sublayer or log-law region, the average flow velocities of the nonsmooth and active surfaces were significantly less than that of the smooth surface, thereby leading to a decrease in skin friction. The average flow velocity of the active surface was the smallest, so the drag reduction effect was the most obvious. Figure 21 shows the velocities near the wall along the mainstream direction of the three surfaces at the same distance from the wall (δ + = 0.3, where δ+ is the ratio of the distance from the monitoring point to the wall to the thickness of the boundary layer). The average velocity near the wall with the active surface was lower than that near the wall with the smooth surface and the nonsmooth surface. This trend shows that the flow velocity in the boundary layer decreased when utilizing the nonsmooth surface with a jet, which was equivalent to increasing the thickness of the boundary layer. Furthermore, these findings are consistent with the conclusions drawn above. Figure 21 shows the velocities near the wall along the mainstream direction of the three surfaces at the same distance from the wall (δ + = 0.3, where δ+ is the ratio of the distance from the monitoring point to the wall to the thickness of the boundary layer). The average velocity near the wall with the active surface was lower than that near the wall with the smooth surface and the nonsmooth surface. This trend shows that the flow velocity in the boundary layer decreased when utilizing the nonsmooth surface with a jet, which was equivalent to increasing the thickness of the boundary layer. Furthermore, these findings are consistent with the conclusions drawn above. 
Conclusions
A kind of new active surface was proposed that combines a bionic nonsmooth surface with a jet to achieve drag reduction effects. First of all, a new nonsmooth surface inspired by sand dunes was proposed. The nonsmooth surface can effectively reduce the skin friction, and the maximum skin friction reduction ratio reached 39.86%. However, the decrease in skin friction was accompanied by a sharp increase in pressure drag. An active surface that combines a bionic nonsmooth surface with a jet was then proposed. The active surface overcame the sharp increase of pressure drag and the maximum drag reduction ratio reached 19.35% when the jet velocity was 11 m/s. The main 
A kind of new active surface was proposed that combines a bionic nonsmooth surface with a jet to achieve drag reduction effects. First of all, a new nonsmooth surface inspired by sand dunes was proposed. The nonsmooth surface can effectively reduce the skin friction, and the maximum skin friction reduction ratio reached 39.86%. However, the decrease in skin friction was accompanied by a sharp increase in pressure drag. An active surface that combines a bionic nonsmooth surface with a jet was then proposed. The active surface overcame the sharp increase of pressure drag and the maximum drag reduction ratio reached 19.35% when the jet velocity was 11 m/s. The main conclusions of this study are as follows:
(1) When fluid flowed through the nonsmooth unit cell, a low-speed recirculation formed within the unit cell. The recirculation transformed the original fluid-wall sliding friction into the fluid-fluid rolling friction, effectively reducing the skin friction. However, due to fluid separation on the windward side, a high-pressure zone formed, leading to a sharp increase in pressure drag.
(2) The active surface generated a low-speed recirculation within the nonsmooth unit cell by jetting low-speed fluid, which effectively reduced the skin friction and the pressure drag caused by flow separation, leading to a reduction in the total drag. The maximum drag reduction ratio with this active surface reached 19.35%, which is better than the commonly accepted drag reduction ratio achieved with grooves (10%).
